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DISCLAIMER

The findings in this report are not to be construed as an official

* Department of the Army position unless so designated by other authorized

* . documents.
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prevent disclosure of contents or reconstruction of the document.
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THE NEED: THINGS BREAK!

Unfortunately, it is easy to show the need for attention to linear

elastic fracture processes. Many reviews of the field of fracture have

described failures of key structural components and whole structures that

could have been prevented with proper attention to linear elastic fracture

mechanics. A series of overview articles in ASTM Standardization News a few

years ago (ref 1) described the history of ASTU Committee E-24, and failures

were a key part of that history as well as a driving force in the development

of E-24 and the field of fracture mechanics. Many of the important failures

involved the aerospace and power generation industries. However, linear

elastic fracture may always be present as an unwelcome part of structural

behavior because of competing requirements and pressures imposed on structural

systems. If size and weight of structures had no limits, the pressure to use

high strength materials - which are prone to linear elastic fracture - would

not be present. But size and weight are being increasingly limited in today's

world of higher material and transportation costs. Therefore, in response,

the strength of structural materials is increased, and so is the likelihood of

linear elastic fracture.

Higher strength materials, with their associated higher risk of elastic

4 fracture, are being used for applications other than those usually associated

with high strength, such as aerospace structures. Even cannon and other

4

1J. G. Kaufman, "Committee E-24 on Fracture Testing: An Overview," ASTM

Standardization News, April 1979, pp. 8-34; also see other articles in this

4publication.
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armament components, which traditionally have not been size or weight

critical, are now considered so. Most armament is now transported by air, so

there is a need to limit weight. In addition, much like the aerospace

industry experienced certain critical failures, the Army also experienced a

failure which very effectively directed its attention toward fracture. Figure

1 shows the result of that failure, a brittle fragmentation fracture which was

clearly elastic-stress-controlled. The cannon, made in the 19 60 's, was an

air-melt steel forging of about 1200 1'fPa yield strength and 90 APa'ml/2 plane-

strain fracture toughness (ref 2). Fragmentation failures of this sort have

been noted in various structures in which materials are used in too high a

strength condition and too low a fracture toughness condition. This is the

classic elastic-stress-controlled fracture which can be avoided by using

linear elastic fracture mechanics. Figure 2 shows a cannon in which this type

of fracture was avoided, even though a very significant overpressure of the

-. cannon occurred during firing. In this case the failure was controlled by a

"' significant amount of plastic deformation as the result of a lower strength

material than that used in the first example, about 1100 MPa yield strength,

and higher fracture toughness, about 140 MPa.ml/2 . These values are typical

of more recent vacuum-processed cannon forgings. The cannon was obviously

deformed beyond use, but fragmentation did not occur, so there was much less

risk of damage and injury in this failure.

2j. H. Underwood and D. P. Kendall, "Fracture Analysis of Thick-Wall Cylinder

Pressure Vessels," Theoretical and Applied Fracture Mechanics, Vol. 2, 1984,
pp. 47-58.
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The above examples with a cannon graphically illustrate just one of -many

types of structural components in which attention to linear elastic fracture

* - is needed to control failure due to fast fracture.

CURRENT: ANYTHING CAN BE TESTED

The current state of affairs in elastic-stress-controlled fracture

testing is that a great variety of test geometries can be considered. One of

two basic fracture test methods is used, E-399-83, Standard Test Method for

Plane-Strain Fracture Toughness of 'Metallic Materials, for relatively thick

sections and high strength materials, or E-561-81, Standard Practice for

R-Curve Determination, for thinner sections and moderately high strength

materials. A variety of specimen geometries is helpful when using these

methods to perform fracture analysis because such analysis is, in simple

concept, a modeling science. An actual crack growth process in a real

structure is modeled in the laboratory using a test specimen which should be

as similar as possible to the structure in certain key requirements. The most

important requirement is that the specimen material match the material of the

S structure as closely as possible, and the best match is to cut the specimen

directly from the affected area of the structure. Another required match is

between the type of loading and orientation of the specimen relative to the

structure, such as "bending" stresses in the "long" direction of a structure,

as a hypothetical. example. A wide variety of test specimen geometries makes

it easier to address these and other -modeling requirements.

Figures 3 and 4 show sketches of two of the test specimen arrangements

used fin Ruve testing. The center-cracked panel loaded in tension is used

3



for general testing, but it is also a close model of many thin-sheet

components in aerospace structures which are loaded primarily by membrane

tensile stresses. The crack-line loaded specimen in Figure 4 was derived from

the rectangular, pin-loaded, compact specimen. It has the advantage of a

loading which is closely controlled by the downward displacement of the wedge.

This specimen is used for modeling sheet or thin plate components in which

the loading is controlled by an imposed displacement in or on the structure.

The resulting R-curve crack growth is more stable and less likely to proceed

quickly to failure in the specimen, and this provides a proper modeling of a

structure with displacement-controlled loading.

Plane-strain fracture toughness tests have been performed in the sa e

basic manner as that of the current test method, E-399-83, for about two

. o decades. Because of this, many different applications and test conditions

have been studied, including a variety of test specimen geometries. Three of

the geometries now included in E-399-83 are shown in Figure 5. The three-

"*°. point bend specimen obviously models the simple rectangular beam in bending,

which is commonly encountered in all areas of structural analysis. Many

structural components are loaded primarily in bending, and tests with this

specimen are often the easiest to set up and perform. Figure 5(b) shows a

test geometry which was developed primarily for the convenience of those

testing one common type of structure, the cylindrical pressure vessel. For

piping and closed cylinders which are loaded by internal pressure, this arc

tension specimen is convenient, because comparatively l1ttle machininR is

required and the full wall thickness of the pipe or vessel can be used. The

?'I4
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cannons discussed earlier, which are in basic function pressure vessels, are

tested in this way. The specimen shown in Figure 5(c) was developed because

of the relative ease of obtaining and fabricating the specimen from a large

structure. This disk-shaped compact specimen is easily removed from a large

plate or girder by hollow drilling and then inexpensively finished by turning

operations. The stresses and displacements in the disk-shaped compact

specimen are within a few percent of those in its predecessor, the rectangular

compact.

It should be clear from Figures 3, 4, and 5, and their discussion, that

there is a specimen geometry and established method for linear elastic

fracture testing in most situations. If modeling of a given crack growth

application is not already possible using an existing test method, one of the

methods can probably be modified to match the critical loading and geometry

conditions of the application.

FUTURE: TEST METHODS TO COVER COMPLEX FRACTURES

There are certainly many established ways to perform elastic stress-

controlled fracture testing. Some have been mentioned here, up to this point.

There are also many areas that need attention. Four areas will be briefly

discussed below. These areas are now being addressed by ASTM and elsewhere,

so that well-defined fracture test methods may become available in the near

future.

The surface crack is both a very commonly occurring natural flaw and the

classic three-dimensional problem in fracture mechanics. Consider Figure 6

5
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(ref 3), a near-actual-size photo of the fracture surface of a surface-cracked

aluminum plate. Some aspects of surface-crack growth are now understood; the

stress intensity factor, K, for ideal semielliptical shaped cracks, including

the finite-thickness, three-dimensional effects, are known quite accurately.

But complex shapes, such as the two-lobed shape in Figure 6 and the situation

as the crack intersects the free surface, are still puzzles for nearly all

-. cracked geometries, not just for surface cracks.

Rapid crack growth also has been addressed to some extent and needs :ore

work. A Kic test method for loading times as fast as one millisecond was

recently added to Method E-399. The next significant increase in loading rate

for elastic fracture testing will be accomplished by using the crack arrest

testing procedure now being developed. For those materials, mostly steels, in

- which this method can be used, the critical K value at crack arrest will give

a good measure of the critical K for a very rapidly running crack.

. Simple correlative tests, although not often considered as critical as

" the "basic" tests such as KIc, are nonetheless important, because they provide

some data where ordinarily none would be available due to cost or other

restraints. For example, notched bar impact tests, notably the Charpy test,

have been used successfully to provide a workable measure of fracture

toughness of steels. A new test geometry and procedure currently under

development should greatly simplify fracture testing of many aluminum alloys.

A chevron-notched specimen test procedure has been proposed which replaces the

3 M. I. Jolles and T. J. Watson, "Observations of the Stable Tearing of
Semielliptical Surface Flaws," presented at the Eighteehth National Sympoqifi:
on Fracture Mechanics, 25-27 June 1985, Boulder, CO.
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fatigue precracking of the KIc procedure with angled side-notches so that a

V-shaped cross-section remains. A crack can be started at the tip of the V by

using a single application of increasing load, resulting in a significant time

and cost saving in performing the test.

Composite materials, for some conditions, can be tested in the same

general manner as high strength alloys. Elastic-stress-controlled fracture

tests of composite materials can closely parallel, at least as an initial

approach, the existing R-curve and KIc test procedures. Cataloging of the

types of composite material and test conditions for which the "homogeneous"

approach will work for composites should be undertaken, along with the

development of a generally different set of test criteria for consistent

fracture toughness results with composites. This will be a difficult job,

because of the variety of composite materials. However, with the same

pressure toward higher strength composite materials as that present with

* +. metals, there will be many situations in which the homogeneous linear elastic

fracture test methods developed for metals will give a good description of the

type of fracture of composites.

-04 .
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Figure 1. Elastic-stress-controlled fragmentation failure
of a high strength steel cannon due to service
loading.
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S FRACTURE TOUGHNESS

TENSION SPECIMEN FOR
HIGH-STRENGTH SHEET

BEAM DISPLACEMENT GAGE
INSTRUMENTED WITH A
4-STRAIN-GAGE CIRCUIT

Figure 3. Center-cracked tension panel and displacement
gage for R-curve testing.
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Figure 4. Crack-line loaded compact-type specimen for R-curve testing.
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(b) Arc tension specimen. (c) Disk-shaped compact specimen.

Figure 5. Three test specimens for plane-strain fracture

toughness, Kjc, testing.
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Figure 6. Complex surface crack growth in an aluminuim plate:
starter notch - semicircular; fatigue cracking -

semicircular; stable cracking - complex shape;
fatigue cracking -semielliptical; final failure.
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